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[57] ABSTRACT 

In a computer graphics windowing system including a color 
map, a method for managing palette color value contents of 
the color map. Input color values are received. Error values 
between each input color value and each palette color value 
are used to determine a closest palette color value to each 
input color value. A list of input color values having largest 
error value distances to their respective closest palette color 
values is determined. A subset of this list is added to the 
color map to derive a modified color map. A color value 
metric process for determining an error value between each 
input color value and each palette color value comprises 
converting each input color value and each palette color 
value to a uniform color space. A lightness weighting 
constant is used to skew the error value in to be more 
strongly influenced by differences in lightness than by 
differences in chromaticity. A look up table having address 
spaces indexed by RGB index color values is generated. 
Each address space of the look up table is filled with a color 
map address of the closest palette color value to the respec- 
tive RGB index color value referencing the address space. 

29 Claims, 6 Drawing Sheets 
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METHOD AND APPARATUS FOR . mate halftones. Pixel grid patterns reduce, the, resolution of; 

GENERATING SMALL, OPTIMIZED COLOR the display in favor of increasing the number of colors which 

LOOK-UP TABLES can be displayed. Dithering and error diffusion are two 

additional common computer graphics techniques for 

BACKGROUND OF THE INVENTION 5 approximating halftones. In dithering and error diffusion 

^ ™ „. , , - . - - techniques, a reduced set of stored color values (a reduced 

1. The Field of the Invention 1 *\ - j * * 1 * * 1 1 

color set) is used to generate a larger set of display color 

The present invention relates to methods for managing a values. A critical step in digital halftoning techniques corn- 
color look-up table which is shared by program applications p^^es determining an error value between a color value, to 
in a computer system. More particularly, the present mven- displayed by digital half toning, and a color value in the 
tion relates to a method of analyzing color values based on reduced color set. Typically, the reduced color set values are 
a quaUty metnc which reflects human visual perception. arranged as points that comprise a cube. This arrangement 

2. The Relevant Art simplifies mathematical operations required by the various 
Computer operating systems are increasingly required to digital halftoning techniques. 

display vivid, color images for applications such as video An example of such a color cube is shown in FTG. 1 at 

creation and editing, image and graphics display and 100. The color cube 100 represents a red, green, blue 

manipulation, and the presentation of "web pages", the ("RGB") color space which consists of three color compo- 

documents obtained from servers on the World-Wide-Web. nents shown as axes: red, green, and blue. The color cube 

Examples of such operating systems include the X- Window 100 includes uniformly spaced memory spaces, or slots. 

System, the Macintosh operating system, and Microsoft 20 referenced by RGB coordinate values. The color cube 100 is 

Windows. Program applications which generate color a 6x6x6 color cube which is the largest color cube which can 

images require the host computer graphics system to be fit into a 256 element color look-up table. The coordinates 

capable of allocating a set of color values for displaying for each color value of color cube 100 can be generated by 

those images. Certain program applications, such as web dividing each color axis of a 256x256x256 color cube by 5, 

browsers and drawing programs, generate images requiring ^5 Most dithering and error diffusion techniques include 

particularly large sets of color values. However, many determining an error value. A, between an RGB color value 

computer graphics systems provide only a limited number of ^ reduced color set and a display (RGB) color value 

color value choices in a memory space which must be shared ^ging the simple Euchdean distance relationship below, 
by multiple program applications. Most window systems 

automatically allocate a core set of color values upon 3Q 

initiahzation of the window system. Additional sets of color A =>/(/?, - R2)^ + (Gi - + {Bx - s^)^ 
values are then allocated by user program applications. It is 

the task of the s^indow system to manage the color values ^j^^^^ ^ ^ g ^^j^^ components of a first color 

available in the shared memory space to satisfy the require- ^^^^ ^^^^^ components of a second 

ments of each active program apphcation. 33 ^^^^^ ^^^^ ^^^^ ^^^^ ^ ^p^^^^^^ 

Typical computer graphics systems mclude a display between the first and second color values for purposes 

buffer for storing a picture definition to be displayed on a \mm2in visual perception. 

display device. The most common type of graphics display However, RGB color space is non-uniform. That is, a 

device is a raster scan display comprising a cathode ray tube g^^gp distance between a first pair of color values in RGB 

(CRT) monitor. In raster scan graphics systems, a memory 40 color space can correlate to little perceptual difference to the 

area called a frame buffer is used to store a set of color human eye whereas the same distance between a second pair 

values for each screen point, or pixel, of the display. The of color values can correlate to a great perceptual difference 

range of color values for each pixel position depends on the j^jg \i\xm^ eye. So, using the simple Euclidean formula in 

capability of the raster system. Black and white systems ^qq ^olor space to determine error values between color 

require only one bit per pixel to control the intensity of 45 values does not provide an optimal quality metric for 

screen positions. Additional bits per pixel are required when analyzing colors for purposes of human visual perception, 

color and intensity variations can be displayed, A typical Thus, the above described error value determination method, 

raster scan CRT monitor displays color pictures using a set ^ ^^^^ non-uniform RGB color space, for dithering or error 

of primary colors (e.g., red, green, and blue phosphors) each diffusion of images results in poor quality image displays, 

activated by a separate electron gun. A wide range of colors 50 Therefore, a method of determining enor values between 

can be generated at a pixel by combining intensity varied ^.^Iq^s is needed wherein the method provides optimal 

emitted Ught from each of the prunary colors. If a computer x^^^^\s for analyzing colors for purposes of human visual 

graphics system uses 8 bits to control the intensity of each perception. Also, a method of managing a color look-up 

primary color, there are a total of 2^ possible color ^^^q based on an optimal color quality metric is needed in 

choices for display. However, the actual number of color 55 order to be able to display optimal full color images while 

choices available to a user is limited by the amount of allocating a minimum number of new color values in the 

storage provided in the frame buffer. Color information can color look-up table, 
be stored in a frame buffer either directly or indirectly using 

a color look-up table, also called a color map. In a color SUMMARY OF THE INVENTION 

raster system using a color look-up table, fi-ame buffer 50 The present invention pertains to a method for managing 

values are used as indices into one or more color look-up a color look-up table which is shared by program apphca- 

tables.' Color look-up tables provide additional color choices tions in a window system. More particularly, the present 

to a user without requiring larger frame buffers. invention relates to a method of analyzing color values 

The number of color choices available in a computer based on a quality metric which accurately reflects human 

graphics system can be increased by using well known 65 visual perception. 

digital techniques for approximating halftones. Many such In one aspect, the present invention provides a computer 

techniques include the use of pixel grid patterns to appro xi- implemented method for modifying a color map. In one 
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embodiment,, a number, of . palette color .values, N, is added ■ 
to the color map. The number N can be a user-defined 
parameter. The color map can be completely filled or slots of 
the color map can be left empty in order to allow space for 
other palette color values to be added later. It is then 5 
determined which of a set of input color values are most 
poorly represented, for purposes of human visual perception, 
by palette color values stored in the color map. The set of 
input color values can be received fi-om a program applica- 
tion or the set of input color values can be an input red, 10 
green, blue ("RGB") color cube. A list of input color values 
most poorly represented by palette color values stored in the 
current color map is determined. A subset of the list of 
poorly represented input color values is added to the color 
map to derive an updated color map. The steps of determin- 15 
ing the most poorly represented input color values and 
adding them to the current color map are iterative. 

In another embodiment, a subprocess is provided for 
determining which of the set of input color values are most 
poorly represented, for purposes of human visual perception, 20 
by the palette color values stored in the color map. Each 
input color value, and each palette color value in the color 
map, is converted into a color value in CIELUV color space. 
Provided that the input color value is not gray (R=G=B), the 
error value between each input color value and each palette 25 
color value in the color map is determined according to the 
equation: 



30 

where A represents an error value between an input color 
value and a palette color value in the color map, and X is a 
hghtness weighting constant to skew the error value, A, to be 
more strongly influenced by differences in lightness than by 35 
differences in chromaticity. In one embodiment, X. is deter- 
mined empirically. In the case for which the input color 
value is gray (R=G=B), the error value between the input 
color value and any palette color value in the color map 
which is also gray is determined, according to one 40 
embodiment, using the equation: 

A = VrtL;-L5i. 

45 

Based on the error metric provided by the relationships 
described above, a closest palette color value is determined 
for each input color value. According to one embodiment, a 
hst is generated containing each input color value and each 
corresponding error value, A^/^^^ between the input color 50 
value and the closest palette color value in the color map. 
The list is then sorted based on a set criteria to derive a worst 
subset of A^,^^^, error values. The subset of input color 
values corresponding to the worst subset of A^,^^ values 
which is considered to be the most poorly represented set of 55 
input color values in the color map. This subset of input 
color values is added to the color map to derive an updated 
color map. 

Id still another embodiment, an RGB-indexed look-up 
table is built after the color map is modified. The RGB- 60 
indexed look-up table contains memory spaces, or RGB 
slots, which can be referenced by an RGB index color value. 
Each RGB slot is used to store a palette memory address of 
a palette RGB color value, fixed in the color map, which is 
closest to the RGB index color value referencing the corre- 65 
spending RGB slot. Thus, given an RGB index color value, 
the RGB-indexed look-up table provides the address of a 



4 

palette RGB color value, fixed in the -color map, -which is 
closest to the RGB index color value. To build the RGB 
look-up table a second RGB input color cube is provided. 
Each input color value, and each palette color value in the 
color map, is converted into a color value in CIELUV color 
space. An index error value between each RGB index color 
value and each palette color value in the color map is 
determined according to the equations described above. A 
palette color value in the color map which is closest, for 
purposes of human visual perception, to each RGB index 
color value is determined. Each RGB slot of the RGB- 
indexed look-up table is then filled with a palette memory 
address of a palette color value, fixed in the color map, 
which is closest to the RGB index color value indexing the 
RGB slot. 

The RGB-indexed look-up table provides a mechanism 
for speeding up image processing. Using the RGB-indexed 
look-up table it is not necessary to perform further error 
determination operations to determine which palette color 
value in the modified color map is closest to the display 
color value when a display color value is provided by a 
program application. The RGB-indexed look-up table pro- 
vides the address of the closest palette color value in the 
modified color map. Because the RGB-indexed look-up 
table is indexed by RGB values, it can be used by traditional 
dithering algorithms. Also, because the look up table is filled 
with closest colors, calculated in the CIELUV color space, 
the resulting palette will blend more smoothly according to 
the human eye. 

These and other aspects and advantages of the present 
invention will become more apparent when the Description 
below is read in conjunction with the accompanying Draw- 
ings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The present invention is illustrated by way of example, 
and not by way of limitation, in the figures of the accom- 
panying drawings and in which like reference numerals refer 
to similar elements and in which: 

FIG. 1 is a diagram of a 6x6x6 color cube used in 
halftoning techniques. 

FIG. 2A is a block diagram of an exemplary computer 
system upon which the present invention may be imple- 
mented or practiced. FIG. 2B is a memory space diagram of 
an exemplary frame buffer and display color look-up table 
used by the present invention. 

FIG. 3 is a flow diagram describing steps for implement- 
ing a process according to the present invention for man- 
aging a color look-up table. 

FIG. 4 is a flow diagram describing steps for implement- 
ing a process according to the present invention for deter- 
mining which elements in a first set of color values are most 
poorly represented by elements in a second set of color 
values. 

FIG. 5 is a flow diagram describing steps for implement- 
ing a process according to the present invention for building 
an RGB -indexed color look-up table according to the 
present invention. 

DESCRIPTION OF SPECIFIC EMBODIMENTS 

In the following detailed description of the present 
invention, a method for generating a small optimal color 
look-up table, numerous specific details are set forth in order 
to provide a thorough understanding of the present inven- 
tion. However, it will be obvious to one skilled in the art that 
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the present invention may be practiced without these specific - With . reference still to FIG. lA^ the graphics hardware 

details or by using alternate elements or processes. In other card 212 can contain a display processor (not shown) which 

instances well known processes, procedures, components, executes a series of display instructions found within a 

and circuits have not been described in detail so as not to display list. The processor 204 or the display processor 

unnecessarily obscure aspects of the present invention, 5 supplies data and control signals to a franie buffer 216 which 

Some portions of the detaUed descriptions which follow refreshes the display device 214, via a color map 218, for 

are presented in terms of procedures, logic blocks, rendering images on the display device 214. 

processing, and other symbolic representations of operations With reference to FIG. 2B, a memory space diagram is 

on data bits within a computer memory. These descriptions shown of the frame buffer 216 and the color map 218 of FIG. 

and representations are the means used by those skilled in 10 embodiment of the present invention, the frame 

the data processing arts to most effectively convey the buffer contains 8 bits of data per pixel which are used to 

substance of their work to others skilled in the art. A '^^^^ ^56 storage locations in the color map 218. Each 

procedure, logic block, process, etc., is herein, and generaUy, storage location m the color map 218 contains a palette color 

conceived to be a self-consistent sequence of steps or value having 24 bits including an 8-bit byte for each of three 

instructions leading to a desired result. The steps are those 15 ^^^^f/^^^^ components. The three color value components 

. . 1 • 1 c u ' \ are the prmiary colors, red, green, and blue. It is understood 

requirmg physical manipulations of physical quantities. • /- *• *u * *u - 1 ^ 

„^ ^ , ^ ,, . u * 1 • I m the present invention that other primary color values can 

UsuaUy, though not necessan y, these physical mampula- ^^^^ ^ ^^^^^ ^^j^^ ^^^^^ \^ j^l^ 

Uons take the form of elec^ical or magneUc signals capable ^56 variations in intensity. Because there are 2« possible 

of bemg stored, transfenred, combmed, compared, and oth- intensities for each primary color and there arc three primary 

erwise mampulated m a computer system. Herem, these 20 colors, there are 2^^ possible color values. However, given 

signals are referred to as bits, values, elements, symbols, an 8-bit-per-pixel frame buffer, only 256 of the 2^^^ possible 

characters, terms, numbers, or the like with reference to the color values can be loaded into the color map 218 by a 

present invention. window system. 

It should be borne in mind, however, that all of these In addition, color map 218 is a resource which can be 

terms are to be interpreted as referencing physical manipu- 25 shared by a plurality of program applications in a window 

lations and quantities and are merely convenient labels and operating system. Each program application can require a 

are to be interpreted further in view of terms commonly used different set of palette color values for displaying images, 

in the art. Unless specifically stated otherwise as apparent Because the color map 218 can only store a limited number 

from the following discussions, it is understood that of palette color values, the palette color values allocated in 

throughout discussions of the present invention, discussions 30 color map 218 must be managed by the operating system 

utilizing terms such as "processing**, "measuring", to optimally represent input color values required by pro- 

"converting", "determining*', "deriving** or the like, refer to gram applications active in the window operating system, 

the action and processes of a computer system, or similar FIG. 3 shows a flow diagram for implementing a process 

electronic computing device, that manipulates and trans- 300 according to one embodiment of the method of the 

forms data. The data is represented as physical (electronic) 35 present invention for managing the color map 218 of FIG. 

quantities within the computer system's registers and memo- 2A. For example, process 300 can be executed over proces- 

ries and is transformed into other data similarly represented sor 204 of the host computer system 200 of FIG. 2Ato add 

as physical quantities within the computer system memories palette color values to the color map 218. Step 302 of 

or registers or other such information storage, transmission process 300 determines a number of color values, N, which 

or display devices. 40 are to be processed by process 300. The number N deter- 

With reference to FIG. 2A, a block diagram is shown of dQ"1cs how many palette color values are to be added to the 

a host computer system 200 used by an embodiment of the color map 218. This number can be a user defined parameter, 

present invention. In general, the host computer system 200 The color map 218 can be completely filled by process 300. 

comprises a bus 202 for communicating information, a host Alternatively, slots of the color map 218 can be left empty 

processor 204 coupled with the bus 202 for processing 45 in order to allow space for other palette color values to be 

information and instructions, a computer readable volatile added later upon activation of other program applications in 

memory unit 206 (e,g,, random access memory unit) the window system. In one embodiment, the number of color 

coupled with the bus 202 for storing information and values N is determined by considering several factors, 

instructions for the host processor 204, a computer readable including, but not hmited to: (1) a number of color values 

non-volatile memory unit 208 (e.g., read only memory unit) 50 which currently active program applications can use, (2) 

coupled with the bus 202 for storing static information and characteristics of the window operating system used by the 

instructions for the host processor 204, a computer readable present invention, and (3) the number of palette color values 

data storage device 210 (e.g., hard drive or floppy diskette) stored in the color map prior to commencement of process 

coupled with the bus 202 for storing information and 300. In one embodiment, N provides a stop criterion for 

instructions, a graphics hardware card 212 coupled with the ss steps in process 300 which add palette color values to the 

bus 202 for processing display instructions and for storing color map 218 as described below. 

graphics data, and a display device 214 coupled with graph- Step 304 of process 300 determines which, ff any, palette 

ics card 212 for displaying information to the computer user. color values are fixed in the color map 218 and can be shared 

Often this will be a color display. The display device 214 by various applications. The criteria for this determination 

utilized with the computer system 200 of the present inven- 60 can vary according to the characteristics of the host win- 

tion can be a liquid crystal device, cathode ray tube, or other dowing system. In one embodiment of the present invention, 

display device suitable for creating graphic images and the host operating system indicates which palette color 

alphanumeric characters recognizable to a user. In a pre- values are read only memory values thereby providing 

ferred embodiment of the present invention, the display criteria for determining step 304. In this case, the read only 

device 214 is a raster scan monitor. The host computer 65 memory values are considered to be fixed and sharablc. 

system 200 provides data and control signals over the bus Step 306 of process 300 determines which of a set of input 

202 to the graphics hardware card 212. color values arc most poorly represented, for purposes of 
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huraan visual perception,, by palette color values, stored-, in 
the color map 218. The most poorly represented input color 
values are those which differ most, as perceived by the 
human eye, from the closest palette color value in the color 
map 218. In one embodiment of the present invention, the 
set of input color values is predefined by a program appli- 
cation. In this case, process 300 receives a set of predefined 
input color values which the program application can use for 
displaying images. In another embodiment of the present 
invention, the set of input color values can be a large set of 
color values which is likely to adequately provide for a 
program application which is not able to predefine color 
values which it can use for display. A web browser, for 
example, can require virtually any color value for displaying 
images due to the wide variety of color values in images 
generated by different web sites. In the case that the program 
application is unable to predefine a set of color values to be 
used in displaying images, step 306 of process 300 generates 
an input RGB color cube to be used as the input color set. 
In an embodiment of the present invention, each of the red 
(R), green (G), and blue (B) values used in the system is an 
eight bit value thus allowing for l}^ possible color values 
which can be used to generate a uniformly spaced 25 6x 
256x256 RGB color cube. In one embodiment of the present 
invention, the RGB input color cube is a 32x32x32 uni- 
formly spaced color cube. A 32x32x32 uniformly spaced 
color cube is easily generated by dividing each component 
of the uniformly spaced 256x256x256 RGB color cube by 
eight. The result is a 256x256x256 color cube in which 
every eighth slot is filled in for each color component. Such 
a cube requires l}^ or 32,768 memory addresses. As a 
second example, a 64x64x64 uniformly spaced color cube 
can be generated by dividing each component of a uniformly 
spaced 256x256x256 color cube by four. 

Step 306 generates a list of input color values most poorly 
represented by palette color values stored in the current 
color map 218. The details of step 306 for determining 
which color values in the input color set are most poorly 
represented by palette color values in the color map 218 is 
described below in reference to a process 400 according to 
the present invention. 

Step 308 takes a subset of the list of poorly represented 
input color values determined in step 306 and adds this 
subset of input color values to the color map 218 to derive 
an updated color map 218. As explained above, the list of 45 
color values determined in step 306 represents the input 
color values most poorly represented by the color values of 
the current color map 218. Therefore, steps 306 and 308 
update the color map 218 to better represent the input color 
values. 

Step 310 of process 300 determines whether the number 
of colors, N, has been reached. Provided that the number of 
colors, N, has not been reached, process 300 proceeds back 
through steps 306 and 308. By proceeding through steps 306 
and 308 a plurality of times, process 300 iteratively deter- 
mines which of Uie input color values are most poorly 
represented by palette color values in the repeatedly updated 
color map 218 and then repeatedly adds a subset of those 
poorly represented input color values to the color map 218 
to derive an updated color map 218. Steps 306 and 308 can 
be iterated until the palette is completely fiill or until a 
desired number of memory spaces are filled as controlled by 
step 302 above which sets the value of N. Images dithered 
with the color map 218, as managed by process 300 of the 
present invention, display very good tone reproduction 
providing greater fidelity for a wide variety of continuous 
tone images. 
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. With reference still toFIG. 3,.provided that the- number of 
colors, N, has been reached, the modification of color map 
218 is complete and process 300 proceeds to step 312. Step 
312 of process 300 builds an RGB-indexed look-up table. 
The RGB-indexed look-up table contains RGB slots which 
can be referenced by an RGB index color value (e.g., a 
display color value provided by a program application). 
Each RGB slot is used to store a palette memory address of 
a palette color value, fixed in the color map 218, which is 
"closest to the RGB index color value referencing the corre- 
sponding RGB slot. So, given an RGB index color value, the 
RGB-indexed look-up table provides the index of a palette 
color value, fixed in the color map 218, which is closest tc 
the RGB index color value. The RGB-indexed look-up table , 
provides a mechanism for speeding up image processi^ 
With the RGB-indexed look-up table, when a display color 
value is provided by a program application, it is not neces- 
sary to perform further error determination operations to 
determine which palette color value in the modified color 
map 218 is closest to the display color value. The RGB- 
indexed look-up table provides the index of the closest 
palette color value in the color map 218. The details of the 
process of building an RGB- indexed look-up table are 
described below in reference to a process 500 according to 
the present invention. 

FIG. 4 shows a flow diagram for implementing a process 
400 according to the method of the present invention for 
implementing step 306 of process 300 of FIG. 3. As stated 
above, step 306 determines which of a set of input color 
values are most poorly represented, for purposes of human 
visual perception, by palette color values stored in the color 
map 218. 

With reference to FIG. 4, step 402 inputs a large set of 
color values. As previously described in the above discus- 
sion of step 306, the input color values can be a set of input 
color values provided by a user application or the input color 
values can be an input RGB color cube. In one embodiment 
of the present invention the input RGB color cube is a 
uniformly spaced 256x256x256 RGB color cube in which 
every eighth slot is fiUed-in to create a uniformly spaced 
32x32x32 input RGB color cube. 

With reference still to FIG, 4, step 404 of process 400 
converts each input color value, and each palette color value 
in the color map 218, into a color value in a uniform color 
space. A uniform color space is one for which a given 
distance in the color space between a pair of color values 
correlates to an equal perceptual difference to the human eye 
for any pair of color values in the uniform color space. 
Examples of a uniform color space which can be used in the 
present invention include, but are not limited to CIE 1976 
(L*u*v*) and QE 1976 (L*a*b*), which are referred to 
herein as the "CIELUV" and "CIELAB" color spaces, 
respectively. In one embodiment of the present invention, 
the uniform color space is that known as the CIELUV color 
space. However, the QELAB color space can be used in 
place of the CIELUV color space. Still other independent 
color spaces will be familiar to those of skill in the colori- 
metric arts. The CIELUV color space is a color space in 
which each color is represented by three component values: 
L*, u*, and v*. The "L*** component represents the lightness 
of the color value. The "u*" and "v*" components represent 
the chromaticity of the color value. 

Step 406 of process 400 first determines an error value, 
e.g., in CIELUV color space, between each input color value 
and each palette color value in color map 218. Step 406 then 
determines, for each input color value, a palette color value 
in the color map 218 which is closest, for purposes of human 
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visual. perception, to the input colorivalue. -Provided that ;lhe , ordering. function for the sort of step 408, can utilize other . 

input color value is cot gray (R«G=B), the error value information in addition to, or instead of, the error value. In 

between each input color value and each palette color value one embodiment, the lightness of the colors is considered in 

in color map 218 is determined according to Relationship addition to the error value, with the darker colors being 

(1), according to the present invention, below. 5 given a preference over the lighter colors. The criteria for 

determining the worst closest case values can also be a 

^ ^ -2^)2-1- («; - 4- [v'l - threshold value. For example, step 408 can choose each 

' 121 mpvLi color value having a corresponding A^/^^^, error value 

above a certain threshold value. In an embodiment of the 

where L^*, rep resents the lightness component of an input 10 present invention, the list is sorted in descending order based 

color value, u^*, and v/, represent chromaticity compo- on the quality metric provided by Relationships (1) and (2) 

nents of an input color value. Lj* represents the lightness above. After all of the colors have been evaluated, the first 

component of a palette color value in the color map 218. u^* color value in the list (i.e., the one with the worst quality 

and V2* represent chromaticity components of the palette measure) is removed from the list and added to the color 

color value in the color map 218. Relationship (1), above, is 15 map 218. The rest of the colors in the list are then 

similar to the simple Euclidean function for determining a re -evaluated with respect to the newly added palette color 

distance between two points in three-dimensional space. A value. Any colors which have improved so much that they 

represents an error value between an input color value and are not as bad as the last element on the list are dropped 

a palette color value in the color map 218. However, unlike while the others are resorted. The new first element is then 

the simple Euclidean distance function, Relationship (1) 20 treated the same way until the list is emptied or a stop 

contains a lightness weighting constant, X. According to one criterion is met. The process of determining the worst case 

embodiment of the present invention, k is chosen such that values is an iterative process. 

the error value. A, is more strongly influenced by lightness FIG. 5 shows a flow diagram for implementing a process 

error and less influenced by chromaticity error because, 500 according to the present invention for implementing 

when dithering, human visual perception is more sensitive to 25 step 312 of process 300 of FIG. 3. Step 312 of process 300 

errors in lighmess than to errors in chromaticity. In one processes color values to build an RGB-indexed look-up 

embodiment, this lightness weighting constant is determined table in main memory of the host computer system 200 of 

empirically. Typically, X is chosen to be between about 1.0 FIG. 2 A RGB index color values are used as indices into the 

and about 100.0. In one embodiment of the present RGB-indexed look-up table. The RGB-indexed look-up 

invention, X is about 10.0. In other embodiments of the 30 table contains RGB slots which are referenced by an RGB 

present invention, X may be about 50.0 or about 8.0. Smaller index color value. Each RGB slot is used to store a palette 

values of N generally benefit from larger values of h. memory address of a palette RGB color value, fixed in the 

With reference still to step 406 of process 400 of FIG. 4, color map 218, which is closest to the RGB index color 

provided that the input color value is gray (R=G»B), the value indexing the RGB slot. So, given an RGB index color 

error value between an input color value and a palette color 35 value (e.g., a display color value provided by a program 

value in the color map which is also gray 218 is determined application), the RGB-indexed look-up table provides the 

according to Relationship (2), below. address of a palette RGB color value, fixed in the color map 

218, which is closest to the RGB index color value. In a 

^ _ YTir - i^l preferred embodiment of the present invention, 24-bit RGB 

* 40 index color values are used as indices into the RGB-indexed 

look-up table and an 8 bit pixel value is stored at each RGB 

Relationships (1) and (2) above, provide a quality metric for slot. In this embodiment, given a 24-bit RGB index color 

analyzing a difference between color values. CIELUV color value, the RGB -indexed look-up table provides an 8-bit 

space is relatively uniform, as perceived by the human visual pixel value, fixed in the color map 218, which is closest to 

perception system. Therefore, computer implemented meth- 45 the 24-bit RGB index color value. 

ods for digital halftoning, using the quality metric based on With reference to FIG. 5, step 502 of process 500 inputs 

Relationships (1) and (2) display very good tone reproduc- a large set of color values. Step 502 of process 500 is 

tion providing greater fidelity for a wide variety of continu- identical to step 402 of process 400. The input color values 

ous tone images. provide a set of RGB index color values to be used as indices 

After determining error values, A, between each input 50 into an RGB color look-up table. The input color values can 

color value and each palette color value, step 406 generates be an input RGB color cube. In one embodiment of the^ 

a Ust containing each input color value and each correspond- present invention the RGB-indexed look-up table is gener- 

ing error value, ^ciosesr between the input color value and ated using a uniformly spaced 256x256x256 RGB color 

the closest palette color value in the color map 218. For cube in which every eighth slot is filled in to create a^ 

X=1.0, a A value of less than about 3.0 corresponds to httle 55 32x32x32 address color look-up table. (In general, for color 

perceptible difference t)etween the color values; a A value of cubes having the dimensions 2"x2"x2", each m'^ slot will be 

about 15.0 suggests a substantial perceptible difference filled to create an address look-up table having the dimen^ 

between the color values. sions 27mx27mx2''/m.) Such an RGB-indexed look-up \ 

Step 408 of process 400 determines a sub-list of input table can be generated by dividing each component of a ) 

color values most poorly represented by palette color values 60 uniformly spaced 256x256x256 color cube by 8. In another' 

in the color map 218. Step 408 evaluates the A table, derived embodiment of the present invention, the dimensions of the 

from step 406 above, which contains each input color value RGB look-up table are 16x16x16. Such an RGB look-up 

and each corresponding error value, A^^^^^^ between the table can be generated by dividing each component of a 

input color value and the closest palette color value in the uniformly spaced 256x256x256 uniformly spaced cube by^ 

color map 218. Step 408 then sorts through the set of ^closest ^5 16. 

error values based on a set criteria to derive a worst subset Step 504 of process 500 converts each RGB index color 

value, and each palette color value in the color map 218, into 
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a color value in CIELUV color , space, according io.(.well 
known methods. Step 504 of process 500 is identical to step 
404 of process 400. Step 506 of process 500 determines the 
error value. A, in CIELUV color space, between each input 
color value and each palette color value in color map 218 
according to Relationships (1) and (2) described above. Step 
506 then determines a palette color value in the color map 
218 which is closest, for purposes of human visual 
perception, to each RGB index color value. 

Step 508 of process 500 fills in each RGB slot of the 
RGB-indexed look-up table with a palette memory address 
of a palette RGB color value, fixed in the color map 218, 
which is closest to the RGB index color value indexing the 
RGB slot. 

The RGB-indexed look-up table provides a mechanism 
for speeding image processing. With the RGB-indexed look- 
up table, when a display color value is provided by a 
program application, it is not necessary to perform further 
error determination operations to determine which palette 
color value in the modified color map 218 is closest to the 
display color value. The RGB-indexed look-up table pro- 
vides the palette address of the closest palette color value in 
the modified color map 218. Because the RGB-indexed 
look-up table is indexed by RGB values, it can be used by 
traditional dithering algorithms. Also, because the color map 
is filled with closest colors, calculated in the CIELUV color 
space, the resuUing palette will blend more smoothly 
according to the human eye. 

The foregoing descriptions of specific embodiments of the 
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2. The computer implemented method of claim il, where in . 
said uniform color space is the CIELUV or the CIELAB 
color space. 

3. The computer implemented method of claim 1 wherein 
said step of receiving input color values includes receiving 
input color values in the form a color cube. 

4. The computer implemented method of claim 1 further 
comprising the computer-implemented steps of: 

a) generating in the memory of said computer system a 
look-up table having memory address spaces indexed 
by the red, green, and blue (RGB) color coordinates of 
said input color values; 

b) converting each of said RGB color coordinates of said 
input color values and each of said palette color values 
in the modified color map into a color value in a 
uniform color space; 

c) determining an index error value between each con- 
verted RGB color coordinate for said input color value 
and each converted palette color value in the modified 
color map; 

d) determining a closest palette color value to each 
converted RGB color coordinate based on said index 
error values; and 

e) filling each memory address of said look-up table with 
a color map address of the closest palette color value to 
the respective RGB color coordinate of each address 
space based on said index error value. 

5. The computer implemented method of claim 4 wherein 



present invention have been presented for purposes of 30 said step of generating a lookup table includes generating a 



illustration and description. They are not intended to be 
exhaustive or to limit the invention to the precise forms 
disclosed, and obviously many modifications and variations 
are possible in light of the above teaching. The embodiments 
were chosen and described in order to best explain the 
principles of the invention and its practical application, to 
thereby enable others skilled in the art to best utilize the 
invention and various embodiments with various modifica- 
tions as are suited to the particular use contemplated. It is 
intended that the scope of the invention be defined by the 
Claims appended hereto and their equivalents. 
What is claimed: 

1. In a computer system including a color map for storing 
device dependent color palette values suitable for use in a 
display device, a method for managing device dependent 
palette color value contents of the color map, the method 
comprising the computer-implemented steps of: 

a) receiving input color values that are indicative of colors 
desired for di^lay; 

b) converting each of said input color values and each of 
said palette color values in the color map into a color 
value in a uniform color space to provide thereby a set 
of converted input color values and a set of converted 
palette color values in the uniform color space; 

c) determining a distance between each of said converted 
input color values and an associated one of said con- 
verted palette color values in the uniform color space; 

d) comparing said distances to a predetermined color error 
threshold distance to determine at least one converted 
input color value having an associated distance greater 
than a predetermined color error threshold distance; 
and 

e) adding said at least one device dependent palette color 
value corresponding to said converted input color value 
to said color map to derive thereby a modified color 
map. 



40 
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256x256x256 RGB color cube in which every eighth coor- 
dinate of said color cube corresponds to a memory address 
space for said look-up table. 

6. In a computer graphics windowing system including a 
color map, a method for managing device dependent palette 
color value contents of the color map, the method compris- 
ing the computer implemented steps of: 

a) receiving input color values that are indicative of colors 
desired for display; 

b) converting each of said input color values and each of 
said device dependent palette color values in the color 
map into a color value in CIELUV color ^ace to 
provide thereby a set of converted input color values 
and a set of converted palette color values in CIELUV 
color space; 

c) determining an error value between each CIELUV 
converted input color value and each CIELUV con- 
verted palette color value; 

d) determining a closest palette color value to each input 
color value based on said error values; 

e) determining a list of input color values having error 
value distances to said closest palette color values 
greater than a predetermined error value; and 

f) using a subset of said list of input color values having 
error value distances greater than said predetermined 
error value to derive thereby a modified color map. 

7. The computer implemented method of claim 6 wherein 
said step of determining an error value, between each 
CIELUV converted input color value and each CIELUV 
converted palette color value, comprises the computer 
implemented steps of: 

a) squaring difference values between respective L*, u*, 
and V* components of said input color value and said 
palette color value to determine a squared L* difference 
value, a squared u* difference value, and a squared v* 
difference value; 
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b) determining a weighted lightness difference value by . 
determining a product of said squared L* difference 
value and a lightness weighting constant; and 

c) determining a square root of a sum of said weighted 
lightness difference value, said squared u* difference 5 
value, and said squared v* difference value to yield said 
error value. 

8. The computer implemented method of claim 6 wherein 
said step of determining an error value, between each 
CIELUV converted input color value and each CIELUV 
converted palette color value, comprises the computer 
implemented steps of: 

a) provided said input color is not gray, 

i) squaring difference values between respective L*, u*, 
and V* components of said input color value and said 
palette color value to determine a squared L* differ- 
ence value, a squared u* difference value, and a 
squared v* difference value, 

ii) determining a weighted lightness difference value by 
determining a product of said squared L* difference 
value and a lighmess weighting constant, and ^0 

iii) determining a square root of a sum of said weighted 
lightness difference value, said squared u* difference 
value, and said squared v* difference value to yield 
said error value between said input color value and 
said palette color value; and 25 

b) provided said input color is gray, 

i) determining a difference value between respective L* 
components of said input color value and said palette 
color value, and 

ii) determining said error value by generating a product 30 
of said L* difference value and a lightness weighting 
constant. 

9. The computer implemented method of claim 6 wherein 
said step of receiving input color values includes receiving 
input color values predefined by a program application being 
executed on said computer system. 

10. The computer implemented method of claim 6 
wherein said step of receiving input color values includes 
receiving input color values in the form an input RGB color 
cube, 

40 

11. The computer implemented method of claim 6 further 
comprising the computer implemented steps of: 

a) generating a look-up table having address spaces 
indexed by RGB index color values; 

b) converting each of said RGB index color values and ^5 
each of the palette color values in the modified color 
map into a color value in CIELUV color space; 

c) determining an index enror value between each CIE- 
LUV converted RGB index color value and each QE- 
LUV converted palette color value in the modified 50 
color map; 

d) detenmining a closest palette color value to each RGB 
index color value based on said index error values; and 

e) filling each address space of said look-up table with a 
color map address of the closest palette color value to 55 
the respective RGB index color value of each address 
space. 

12. The computer implemented method of claim 11 
wherein said step of generating a lookup table includes 
generating a 256x256x256 RGB color cube in which every 60 
eighth slot provides a memory space. 

13. The computer implemented method of claim 7 
wherein said lightness weighting constant is between about 
LO and 100.0. 

14. The computer implemented method of claim 13 65 
wherein said lightness weighting constant is between about 
10.0 and about 50.0. 



15. A computer implemented method fon determining an . 
error value between a first color value and a second color 
value, said method comprising the computer implemented 
steps of: 

a) converting each of the first and second color values into 
CIELUV color values; 

b) provided said input color value is not gray, 

i) squaring difference values between respective L*, u*, 
and v* components of said first and second color 
values to determine a squared L* difference value, a 
squared u* difference value, and a squared v* dif- 
ference value, 

ii) determining a weighted hghtness difference value by 
determining a product of said squared L* difference 
value and a lightness weighting constant, and 

iii) determining a square root of a sum of said weighted 
lightness difference value, said squared u* difference 
value, and said squared v* difference value to yield 
the error value between; and 

c) provided said input color value is gray, 

i) determining a difference value between respective L* 
components of said input color value and said palette 
color value, and 

ii) determining said error value by generating a product 
of said L* difference value and a Lightness weighting 
constant. 

16. The computer implemented method of claim 15 
wherein said lightness weighting constant is between about 
1.0 and about 100.0. 

17. The computer implemented method of claim 16 
wherein said Ughtness weighting constant is between about 
10.0 and about 50.0. 

18. A computer system comprising a host processor 
coupled to a bus, physical memory coupled to said bus, a 
color map containing device dependent palette color values 
stored in said physical memory, and a display screen, 
comprising: 

a) a color map receiver configured to receive at least one 
input color value indicative of a color desired for 
display from an application being executed on said 
computer system; 

b) a color space converter that is configured to convert 
each of said input color values and each of the palette 
color values in the color map into a color value in a 
imiform color space to provide thereby a set of con- 
verted input color values and a set of converted palette 
color values in the uniform color space; 

c) a color error measurement mechanism configured to 
determine an error value between each of said coo- 
verted input color values and each of said converted 
palette color values; 

d) a comparator for determining a closest palette color 
value to each input color value based on said error 
values and generating a list of input color values having 
error value distances to their respective closest palette 
color values larger than a predetermined threshold error 
value; and 

e) a color map augment or that uses a subset of said list 
of input color values to add at least one device depen- 
dent palette color value to said color map to produce 
thereby an augmented color map. 

19. The computer system of claim 18 wherein said 
uniform color space is the CIELUV color space and said 
error measurement mechaoism is configured to 

a) square the difference values between respective L*, u*, 
and V* components of said input color value and said 
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.palette color value to determine a squared L* difference 
value, a squared u* difference value, and a squared v* 
difference value; 

b) detenu ine a weighted lightness difference value by 
determining a product of said squared L* difference 
value and a lightness weighting constant; and 

c) determine a square root of a sum of said weighted 
lightness difference value, said squared u* difference 
value, and said squared v* difference value to yield said 
error value. 

20. The computer system of claim 18 wherein said input 
color values are in the form an input red, green, and blue 
(RGB) color cube. 

21. The computer system of claim 20 wherein said color 
space converter is configured to 

a) generate a look-up table having address spaces indexed 
by RGB color values; and 

b) convert each of said RGB color values and each of the 
palette color values in the modified color map into a 
color value in CIELUV color space. 

22. The computer system of claim 21, wherein said color 
error measurement mechanism is configured to 

a) determine an index error value between each CIELUV 
converted RGB index color value and each CIELUV 
converted palette color value in the modified color 
map; 

b) determine a closest palette color value to each RGB 
index color value based on said index error values; and 

c) fill each address space of said look-up table with a color 
map address of the closest palette color value to the 
respective RGB index color value of each address 
space. 

23. The computer system of claim 22 wherein said input 
color values are stored in memory locations of said com- 
puter system corresponding to a 256x256x256 RGB color 
cube in which every eighth coordinate of said color cube 
corresponds to a memory address. 

24. A computer-readable medium having a-color map 
containing device dependent palette color values, said 
computer-readable medium having embedded thereon com- 
puter readable program code devices configured to cause a 
computer to perform the steps of: 

a) receiving input color values that are indicative of a 
color desired for display; 

b) converting each of said input color values and each of 
said palette color values in the color map into a color 
value in a uniform color space to provide thereby a set 
of converted input color values and a set of converted 
palette color values in the uniform color space; 

c) determining a distance between each of said converted 
input color values and each of said converted palette 
color values in the uniform color space; 

d) comparing said distances between said converted input 
color values to said converted palette color values in 
the uniform color space to determine at least one 
converted input color value having a distance greater 
than a predetermined color error threshold distance; 
and 

e) adding at least one device dependent palette color value 
corresponding to said at least one converted input color 
value to said color map to derive thereby a modified 
color map. 
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. 25. ..The computer-readable medium of. claim^.24, wherein 
said uniform color space is a CIELUV color space. 

26. The computer-readable medium of claim 25 wherein 
said computer-readable program code devices are config- 
ured to receive input color values in the form of a color cube. 

27. The computer-readable medium of claim 26 wherein 
said computer-readable program code devices are config- 
ured to perform steps of: 

a) generating in the memory of said computer system a 
look-up table having memory address spaces indexed 
by the red, green, and blue (RGB) color coordinates of 
said input color values; 

b) converting each of said RGB color coordinates of said 
input color values and each of said palette color values 
in the modified color map into a color value in a 
uniform color space; 

c) determining an index error value between each con- 
verted RGB color coordinate for said input color value 
and each converted palette color value in the modified 
color map; 

d) determining a closest palette color value to each 
converted RGB color coordinate based on said index 
error values; and 

e) filUng each memory address of said look-up table with 
a color map address of the closest palette color value to 
the respective RGB color coordinate of each address 
space based on said index error value. 

28. The computer-readable medium of claim 24 wherein 
said computer-readable program code devices are config- 
ured to generate a 256x256x256 RGB color cube in which 
every eighth coordinate of said color cube corresponds to a 
memory address space for said look-up table. 

29. In a computer system including a color map for 
storing device dependent color palette values suitable for use 
in a display device, a method for managing device depen- 
dent palette color value contents of the color map, the 
method comprising the computer-implemented steps of: 

a) receiving input color values that are indicative of colors 
desired for display by the display device; 

b) converting each of said input color values and each of 
said device dependent palette color values in the color 
map into a color value in a unfform color space to 
provide thereby a set of converted input color values 
and a set of converted palette color values in the 
uniform color space; 

c) for each of said converted input color values determin- 
ing a distance between the converted input color value 
and a closest converted palette color value in the 
uniform color space; 

d) identifying at least one poorly represented input color 
value based on the determined distances in the uniform 
color space; and 

e) adding at least one new device dependent color palette 
value to the color map to represent at least one said 
poorly represented input color value. 
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